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Abstract 
The nickel-titanium alloy (Nitinol) used by Abbott Vascular in guide wire tips exhibits a 
decrease in ductility when exposed to a short, low temperature heat treatment following the cold 
work and grinding processes used during manufacturing. The hypothesized mechanism for this 
behavior is the transformation of a heavily dislocated martensitic structure to an austenitic 
structure with the dislocations still present. To investigate this behavior, tensile tests were 
performed on Nitinol wires that were swaged and ground, as well as wires that had been 
subsequently heat-treated. Beginning with a nominal original diameter of .0135 inches, the wires 
were cold worked to either 11.22 or 17.04 percent reduction of area. The wires were then ground 
to final diameters of either .0025 or .004 inches. Heat treatments were then performed at 375°C 
for 2 minutes, which best represents Abbott Vascular’s manufacturing processes. Tensile tests of 
swaged wires revealed that the martensite phase was in fact stabilized following the swaging 
process. Following grinding, however, the lower cold work levels showed a slight restoration of 
the plateau region, which was most likely due to retained austenite present in the structure. Heat 
treatment of the lowest cold work level also resulted in a full restoration of the superelastic 
plateau region. Furthermore, increasing the amount of cold work imparted into the Nitinol wires 
caused an increase in the slope of the plateau region after exposure to heat. Further tensile tests 
revealed that each combination of processing conditions led to a decrease in ductility following 
the heat treatment, with the exception of the highest cold work level which experienced an 
increase in ductility. Lastly, the hypothesized cold work gradient that is introduced into the wires 
as a result of the swaging process was verified through analysis of the stress-strain curves.  
 
Keywords: Nitinol, Guide Wires, Superelastic, Swaging, Grinding, Tensile Test, Tensile 






I would like to thank my project advisor Prof. Blair London as well as John Simpson at Abbott 
Vascular for supplying me with the resources needed to successfully complete this project. I 
would also like to thank them both for their support and guidance throughout the course of this 

























1.4	 Guide Wire Tip Background	................................................................................................................	4	
1.5	 Superelastic Behavior of Nitinol	..........................................................................................................	5	
1.5.1	 Transformation Temperatures	.......................................................................................................................	5	
1.5.2	 Phase Transformations	.....................................................................................................................................	7	
1.6	 Primary Cold Work	...............................................................................................................................	8	
1.7	 Redundant Cold Work During Swaging	...........................................................................................	9	
























List of Figures 
Figure 1: Schematic representation of a typical guide wire system4……………………………...2 
Figure 2: Diagram of Abbott Hi-Torque Command Guide Wire. This project focused on the 
Nitinol tip of the wire7…………………………………………………………………………….3 
Figure 3: Various guide wire tip shapes including: “J” curve (left), 90°, 45°, “S” curve, and “C” 
curve (right)10……………………………………………………………………………………..4 
Figure 4: The nickel-titanium phase diagram demonstrating the narrow composition range below 
630 °C for the TiNi single-phase region12………………………………………………………...6 
Figure 5: Schematic of the effect of nickel content on the austenite finish temperature (Af) of 
Nitinol alloys. The shaded region represents the area covered by typical binary superelastic 
Nitinol alloys8…………………………………………………………………………………….6 
Figure 6: Room temperature stress-strain behavior of a 50.8 at% Ni alloy with an Af of 
approximately 0 °C (32 °F). The 2 dimensional schematics show how the martensite variants 
reorient to accommodate the applied stress12..................................................................................7 
Figure 7: DSC thermogram of a 40% cold worked Nitinol alloy. The blue line represents the first 
heating cycle and the red line represents the second heating cycle14..............................................8 
Figure 8: Comparison of the stress-strain behavior for superelastic Nitinol (blue) and cold 
worked Nitinol (red)........................................................................................................................9 
Figure 9: Schematic of die rotation during the rotary swaging process15......................................10 
Figure 10: Hardness traverse of a 70-30 brass by rolling and swaging. The swaging curve shows 
the cold work gradient resulting from redundant work..................................................................10 
Figure 11: Stress-strain curves for 20% (top) and 40% (bottom) cold worked Ti-50.2 at% Ni. 
These plots are magnified views of the plateau region for better analysis. Note the return of the 
superelastic plateau region after annealing at a sufficient temperature in both cases13.................12 
Figure 12: Flow Chart showing each factor that was investigated for this project, with the 
corresponding levels associated with each factor..........................................................................14 
Figure 13: Test setup on Mini 55 Instron tensile tester for Nitinol wires......................................16 
Figure 14: Strain-strain curves for as-received superelastic Nitinol wires....................................17 
Figure 15: Tensile test data for Nitinol wires that were swaged to 11.2% reduction of area with a 
redundant work factor of 2 head revolutions.................................................................................18 
Figure 16: Tensile test data for Nitinol wires that were swaged to 11.2% reduction of area with a 
redundant work factor of 2 head revolutions, and subsequently ground to a final diameter of 
.0025 inches...................................................................................................................................19 
Figure 17: Tensile test data for Nitinol wires that were swaged to 11.2% reduction of area with a 
redundant work factor of 2 head revolutions, ground to a final diameter of .0025 inches, and heat 
treated............................................................................................................................................20 
Figure 18: Tensile test data for Nitinol wires that were swaged to 11.2% reduction of area with a 
redundant work factor of 6 head revolutions.................................................................................21 
Figure 19: Tensile test data for Nitinol wires that were swaged to 11.2% reduction of area with a 
redundant work factor of 6 head revolutions, and subsequently ground to a final diameter of 
.0025 inches...................................................................................................................................21 
Figure 20: Tensile test data of Nitinol wires that were swaged to 11.2% reduction of area with a 
redundant work factor of 6 head revolutions, ground to a final diameter of .0025 inches, and heat 
treated............................................................................................................................................22 
Figure 21: Tensile test data for Nitinol wires that were swaged to 17.0% reduction of area with a 
redundant work factor of 2 head revolutions.................................................................................23 
Figure 22: Tensile test data for Nitinol wires that were swaged to 17.0% reduction of area with a 
redundant work factor of 2 head revolutions, and subsequently ground to a final diameter of 
.0025 inches...................................................................................................................................23 
Figure 23: Tensile test data for Nitinol wires that were swaged to 17.0% reduction of area with a 
redundant work factor of 2 head revolutions, ground to a final diameter of .0025 inches, and heat 
treated............................................................................................................................................24 
Figure 24: Tensile test data for Nitinol wires that were swaged to 17.0% reduction of area with a 
redundant work factor of 6 head revolutions.................................................................................25 
Figure 25: Tensile test data for Nitinol wires that were swaged to 17.0% reduction of area with a 
redundant work factor of 6 head revolutions, and subsequently ground to a final diameter of 
.0025 inches...................................................................................................................................25 
Figure 26: Tensile test data for Nitinol wires that were swaged to 17.0% reduction of area with a 
redundant work factor of 6 head revolutions, ground to a final diameter of .0025 inches, and heat 
treated............................................................................................................................................26 
Figure 27: Tensile test data serving as a comparison between the as swaged wires, the swaged 
and ground wires, and the swaged, ground and heat treated wires. This tensile data represents the 
11.2% reduction of area with 2 head revolutions (top), and the 11.2% reduction of area with 6 
head revolutions (bottom). Both of those curves represent data for the .0025 inch grind 
diameter.........................................................................................................................................29 
Figure 28: Tensile test data serving as a comparison between the as swaged wires, the swaged 
and ground wires, and the swaged, ground and heat treated wires. This tensile data represents the 
17.0% reduction of area with 2 head revolutions (top), and the 17.0% reduction of area with 6 





















List of Tables 
Table I – Average Mechanical Properties for all Groups of Nitinol Wires...................................27 
Table II – Tukey Pairwise Comparison of Ductility for Varying Levels of Cold Work...............32 
Table III – Tukey Pairwise Comparison of Ductility for Varying Grind Diameter......................32 































1.1 Project overview 
This project, sponsored by Abbott Vascular (Temecula, CA), deals with the effects of cold work, 
final grind diameter, and heat treatment on the mechanical properties of Nitinol guide wire tips. 
As part of the processing steps for medical guide wires, Abbott Vascular imparts local cold work 
onto the tip of the wires, followed by a subsequent grinding to the final wire diameter. This 
sequence of processing steps successfully produces a shapeable guide wire tip, a design 
parameter that is crucial to the production of medical guide wires. Due to downstream 
manufacturing processes, however, the wires are exposed to a low temperature heat treatment, 
resulting in a decrease in ductility. By understanding how these processing steps affect the 
mechanical properties of Nitinol, Abbott Vascular will have the knowledge to make 
improvements in their manufacturing processes in order to avoid this behavior in future Nitinol 
products. The hypothesized origin for the drop in ductility is the transformation of dislocation-
stabilized martensite into an austenitic structure that still contains the high dislocation density. 
The mechanical properties of the wires were analyzed using tensile testing. 
 
1.2 Company Background 
Abbott Laboratories is a multibillion-dollar, worldwide healthcare company that has a broad 
range of pharmaceuticals, medical devices, diagnostics, and nutrition products. Operating in over 
150 countries and having approximately 73,000 employees, Abbott Laboratories has reported 
annual revenue of $20.2 billion, and an annual income of $2.3 billion [1]. Within the company, 
seven divisions exist, which are: Diabetes Care, Diagnostics, Pharmaceuticals, Molecular, 
Nutrition, Vascular, and Vision Care. Abbott Vascular is the division of the company that 
specializes in cardiovascular research and development, offering cutting-edge devices for 
coronary artery disease, peripheral vascular disease, carotid artery disease and structural heart 
disease. The flagship products that are produced by this division are the market leading family of 
drug eluting stents, in addition to bare metal stents, balloon catheters, guide wires, and vessel 
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closure devices. Abbott Vascular is currently one of the leading producers of medical guide 
wires, reporting annual sales of $580 million [2]. 
 
1.3 Device Background 
Medical guide wires are surgical tools used during minimally invasive surgery to access a 
patient’s coronary and peripheral vascular system for various diagnostic and therapeutic medical 
procedures (Figure 1). These procedures typically begin by maneuvering the guide wire through 
the body’s vasculature to the location where a medical procedure or treatment is to take place. 
Once the tip of the guide wire has reached its destination, a catheter is advanced over the inserted 
wire, allowing the catheter to navigate a predefined pathway to the treatment site. Thereafter, 
medical devices such as stents or balloons can be implanted via the catheter tubing [3]. While all 
guide wires serve the purpose of navigating the vascular system to implant medical devices, 
many different types of guide wires exist, each designed to serve different purposes and perform 
specific functions.  
 
 
Figure 1. Schematic representation of a typical guide wire system [4]. 
 
There are many design options for guide wires, however, they normally come in two basic 
configurations: solid steel or nickel-titanium (Nitinol) core, and solid core wire wrapped in a 
smaller wire coil or braid (Figure 2). The addition of the coil or braid enhances the flexibility and 
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kink resistance of the guide wire [5]. The core of the wire is usually ground to a taper towards 
the tip, and the behavior of the guide wire can be manipulated by adjusting the taper. For 
example, if the core begins to taper more towards the tip, the wire becomes more rigid, steerable, 
and torqueable, whereas the opposite occurs when the wire tapers more proximally, resulting in a 
longer guide wire tip. Furthermore, guide wires can be coated with polytetraflouroethylene 
(PTFE, Teflon) in order to make them hydrophobic or hydrophilic. A hydrophobic coating repels 
water, resulting in a greater tactile sensation for the user, while a hydrophilic coating has the 
opposite effect but a much smoother delivery [6].  
 
 
Figure 2. Diagram of Abbott Hi-Torque Command Guide Wire. This project focused on the Nitinol tip of the wire 
  [7]. 
 
Abbott Vascular offers a comprehensive collection of various wire types, each having specific 
properties and functions that apply to different medical procedures. One design employed by 
Abbott Vascular uses a stainless steel core welded to a Nitinol core with a radiopaque coil 
around the tip of the guide wire [7]. The stainless steel portion is what the surgeon uses to pilot 
the wire. The Nitinol portion is what enters the body because the superelastic properties of 
Nitinol allow it to navigate the tortuous pathways of the human vascular system. The radiopaque 
coils around the Nitinol tip allow the wire to be seen under fluoroscopy during a medical 
procedure. This project, however, focused on the Nitinol tip of the guide wire.   
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1.4 Guide Wire Tip Background 
Nitinol has gained popularity in industries that utilize its unique combination of mechanical 
properties, including shape-memory and superelasticity, coupled with its superb 
biocompatibility. As a result, the use of Nitinol in the medical field has increased tremendously 
over the passed ten years [8]. Additionally, the excellent torqueability, flexibility, and kink 
resistance associated with superelastic Nitinol make it an ideal material for use in medical guide 
wires [9]. For these reasons, Abbott Vascular produces medical guide wires with Nitinol cores to 
allow for easier navigation through the body. The superelastic behavior of Nitinol, however, 
poses a serious problem for the guide wire tip. As part of the design parameters of a guide wire, 
the tip of the end that enters the body must be pliable to allow the user to shape the tip into 
various configurations, including a “J” curve or a variety of angles, to help navigate various 
vessel anatomies (Figure 3) [5]. This however, is not possible with Nitinol because the 
superelastic effect causes the structure to revert to its original shape as soon as stress is removed. 
This leads to a series of manufacturing processes that Abbott Vascular uses to achieve a 
shapeable Nitinol tip. 
 
 
Figure 3. Various guide wire tip shapes including: “J” curve (left), 90°, 45°, “S” curve, and “C” curve (right) [10]. 
 
 
Starting with Nitinol wires having a nominal original diameter of .0135 inches, Abbott Vascular 
first imparts cold work onto the tip of the wire through a process called rotary swaging. This 
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process suppresses the superelastic behavior of the alloy, effectively producing a shapeable tip. 
Thereafter, the wires are ground to their final diameters of either .0025 or .004 inches. These 
processing steps have proven to be effective in achieving a shapeable guide wire tip, however, 
downstream manufacturing processes expose the wires to a short, low temperature heat 
treatment, resulting in a substantial decrease in ductility. This behavior is of major concern to 
Abbott Vascular. Therefore, this project focused on investigating the effects of cold work, final 
grind diameter, and heat treatment on the mechanical properties of Nitinol guide wire tips. 
 
1.5 Superelastic Behavior of Nitinol 
In order to investigate and fully understand the effects of cold work, final grind diameter, and 
heat treatment on the mechanical properties of Nitinol guide wire tips, it is important to first 
develop a deeper understanding of the phase transformations responsible for the superelastic 
properties of Nitinol. This, however, must be preceded with a discussion of the transformation 
temperatures that give rise to the shape-memory and superelastic effects associated with Nitinol.  
 
1.5.1 Transformation Temperatures 
When investigating the unique properties associated with Nitinol, it is important to fully 
understand that its shape-memory and superelastic properties come as a result of a diffusionless 
phase transformation between its higher temperature austenite phase, and its lower temperature 
martensite phase [8]. With this in mind, five main temperatures define the behavior of Nitinol: 
Ms at which martensite begins to form, Mf at which martensite completes formation, As at which 
austenite begins to form, Af at which austenite completes formation, and Md, above which the 
material no longer possesses any unique properties [11]. For the case of Nitinol guide wires, and 
most Nitinol medical applications for that matter, the temperature at which martensite fully 
transforms to austenite (Af) is the most important transformation temperature, and dictates 
whether the alloy will be in the shape-memory or superelastic state [8]. To achieve a superelastic 
alloy, the processing methods must be tailored to ensure that the austenite finish temperature is 
low enough for the alloy to be in the austenite phase at room temperature. This is accomplished 
by producing a Nitinol alloy that is slightly nickel-rich (~50.6-51.0 at.% Ni). Because Nitinol has 
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such a narrow composition range below 630 °C, slight deviations in the composition can affect 
the transformation temperature dramatically. This can be seen in the phase diagram of Figure 4. 
In fact, it has been shown that a 1 at.% shift in the amount of either nickel or titanium will result 
in a change in the alloy transformation temperature (Af) of 100 °C (Figure 5) [8].  
 
 
Figure 4. The nickel-titanium phase diagram demonstrating the narrow composition range below 630 °C for the 
  TiNi single-phase region [12]. 
 
 
Figure 5. Schematic of the effect of nickel content on the austenite finish temperature (Af) of Nitinol alloys. The  
  shaded region represents the area covered by typical binary superelastic Nitinol alloys [8]. 
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1.5.2 Phase Transformations 
The phase transformation between austenite and martensite is essential in understanding the 
superelastic behavior of Nitinol. Shape-memory and superelasticity in Nitinol are achieved as a 
result of the reversion of martensite to austenite. The difference between the two is whether the 
reversion was caused by a change in temperature or a change in stress. In the case of superelastic 
Nitinol, when the austenite phase is deformed up to a certain strain level, the structure transforms 
into stress-induced martensite [11]. This is because martensite has the unique ability to shift its 
24 variants to accommodate any applied stress. When superelastic Nitinol is in the unstrained 
state, it is in the austenite phase where these variants cancel each other out. When the strain is 
increased, variants are chosen that best accommodate the load and they reorient themselves in 
the direction of the applied load (Figure 6) [12] [13]. This reorientation of the variants is the 
mechanism by which martensite can be stress-induced in superelastic Nitinol alloys. The 
reorientation of martensite can be seen in the stress-strain curve of superelastic Nitinol where the 
plateau region represents the reorientation of the martensite variants (Figure 6). From the curve it 




Figure 6. Room temperature stress-strain behavior of a 50.8 at% Ni alloy with an Af of approximately 0 °C (32 °F).  
The 2 dimensional schematics show how the martensite variants reorient to accommodate the applied 
stress [12]. 
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1.6 Primary Cold Work 
In order to obtain a shapeable guide wire tip from superelastic Nitinol, Abbott Vascular imparts a 
specified percent reduction of area onto the tip of the wire through a process called rotary 
swaging. Cold working Nitinol in such a manner results in a certain amount of retained 
martensite in the structure depending on the severity of the cold work [11]. This is a direct result 
of the dislocations and vacancies that are introduced into the structure during the cold work 
process. Many studies have shown that these dislocations and vacancies play an important role in 
the stabilization of the martensite phase by hindering the motion of the martensite interfaces and 
preventing the reverse transformation (martensite to austenite) from taking place [13]. This 
behavior can be seen in Figure 7, which shows a DSC thermogram of a Nitinol plate subjected to 
40% cold work. The blue curve represents the first heating cycle and shows no phase 
transformation upon heating due to martensite stabilization. A broad upward peak is then seen at 
around 330 °C which corresponds to the recrystallization process. On cooling, a sharp 




Figure 7. DSC thermogram of a 40% cold worked Nitinol alloy. The blue line represents the first heating cycle and 




Additionally, martensite stabilization can be shown by comparing the stress-strain curves of 
superelastic Nitinol and cold worked Nitinol (Figure 8). From the blue curve of Figure 8, we see 
the plateau region that is associated with the reorientation of martensite, giving Nitinol its 
superelastic properties. Once superelastic Nitinol has been cold worked, however, the 
superelastic behavior of Nitinol is suppressed, resulting in a curve like the blue one shown in 
Figure 8. The absence of the plateau region ensures that the martensite phase has been stabilized, 
as there is no longer any martensite reorientation taking place during loading.  
 
 
Figure 8. Comparison of the stress-strain behavior for superelastic Nitinol (blue) and cold worked Nitinol (blue). 
 
1.7 Redundant Cold Work During Swaging 
While the primary means for cold work in Abbott Vascular’s manufacturing processes comes 
from the percent reduction of area imparted onto the guide wires during swaging, this project 
also investigated a redundant work factor. The swaging machine consists of two opposing dies 
that strike the periphery of the wire, forcing the wire into an oval shape (Figure 9). With the dies 
rotating in 60° intervals, each oval becomes slightly smaller and progressively rounder. Each 
successive strike produces permanent deformation within the wire, resulting in a zone of shear 
strain within the wire. The rotation of the dies therefore causes overlapping of the shear zones in 
the center of the diameter, resulting in a cold work gradient where the center hardness is much 
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greater than the outer surface hardness (Figure 10). This phenomenon is what is referred to as 
redundant work, which results in a core material strain hardened in excess of the amount 
expected from the nominal reduction of area [15]. For this project, redundant work was defined 
as the number of times the swager’s head revolved around a given point along the wire’s axis 
during the swaging process. 
 
Figure 9. Schematic of die rotation during the rotary swaging process [15]. 
 
 
Figure 10. Hardness traverse of a 70-30 brass by rolling and swaging. The swaging curve shows the cold 
    work gradient resulting from redundant work [15]. 
 
1.8 Final Grind Diameter 
Following the swaging process, Abbott Vascular grinds the Nitinol wires to a final diameter of 
either .0025" or .004". Because of the cold work gradient introduced into the material as a result 
of the swaging process, it was proposed that the grinding process might influence the shape of 
the stress-strain curve of the nitinol wires. For instance, because the swaging process produces a 
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wire with maximum hardness and strength at the center and minimum at the surface, this project 
investigated the effect of the final grind diameter on the shape of the stress-strain curve as well 
as the resulting properties for Nitinol wires [15]. It was therefore hypothesized that a smaller 
final grind diameter would produce a wire that is mostly composed of the center material having 
maximum hardness and strength, with less of a cold work gradient from the surface to the center.  
 
1.9 Heat Treatment 
As a result of downstream manufacturing processes, the swaged and ground Nitinol guide wires 
are subjected to a short, low temperature heat treatment. While it would be reasonable to assume 
that this would result in an increase in ductility, this is not the case. To the contrary, Abbott 
Vascular has experienced a severe decrease in ductility in their Nitinol guide wires following this 
short, low temperature heat treatment. Because this heat treatment is not high enough to allow 
the Nitinol structure to completely recrystallize, it is believed that this behavior is due to the 
transformation of the dislocation-stabilized martensite structure into an austenitic structure with 
the high dislocation density still present. The literature on this phenomenon is limited, however, 
a few related studies have shown how the thermomechanical treatment of Nitinol alloys affects 
the stress-strain behavior. Stress-strain curves obtained for cold worked Nitinol alloys that have 
been annealed at different temperatures have shown how thermomechanical treatments influence 
the shape of the curve, and more specifically, the plateau region that corresponds to the 
reorientation of martensite (Figure 11). Furthermore, for Nitinol wires that have been cold 
worked and annealed at a temperature below the recrystallization temperature, the slope of the 
plateau region is significantly greater when compared to samples that were annealed near or 
above the recrystallization temperature. From the stress-strain curves of Figure 11, the 
conclusion can be made that for cold worked Nitinol samples annealed below the 
recrystallization temperature, the mechanism of deformation in the plateau region is the 
reorientation of martensite and the elastic deformation of the reoriented martensite 
simultaneously [13]. This project investigated this behavior through the comparison of stress-
strain curves of swaged and ground Nitinol wires before and after heat treatment. 
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Figure 11. Stress-strain curves for 20% (top) and 40% (bottom) cold worked Ti-50.2 at% Ni. These plots are 
    magnified views of the plateau region for better analysis. Note the return of the superelastic plateau 
    region after annealing at a sufficient temperature in both cases [13]. 
 
1.10 Problem Statement 
Minimally invasive surgical procedures utilize medical guide wires to navigate intravenously 
through the body in order to implant medical devices such as stents and catheters. Abbott 
Vascular (Temecula, CA) takes advantage of the exceptional flexibility and kink resistance 
associated with Nitinol, which is used as the portion of the guide wire that enters the body. While 
Nitinol has proven to be an ideal material for this application due to its superelastic properties, 
the tip of the wire must be shapeable and easily deformed as part of the design parameters for 
medical guide wires. This, however, is not possible with superelastic Nitinol, due to the fact that 
the structure reverts to its original, undeformed shape as soon as stress is removed. For this 
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reason, Abbott Vascular imparts local cold work onto the tip of the wire through a process called 
rotary swaging, which successfully produces a shapeable Nitinol tip. Following this process, the 
wires are subsequently ground to their final diameters. While these processes are effective in 
achieving a shapeable guide wire tip, downstream manufacturing processes subject the wires to a 
short, low temperature heat treatment, which results in a substantial decrease in ductility. While 
Abbott Vascular has a variety of data that demonstrates this unusual decrease in ductility, it is of 
major importance to obtain stress-strain curves for swaged and ground wires along with wires 
that have been subsequently heat treated. This project scope therefore focused on the 
determination of the tensile properties (tensile strength, percent elongation) of swaged and 
ground Nitinol wires before and after heat treatment. This enabled the comparison of the stress-
strain curves and tensile properties obtained for heat treated versus non heat treated Nitinol 
wires. The results were then used to determine the reasons for the significant drop in ductility 
following the short, low temperature heat treatment. 
 
 
2. Experimental Procedure 
2.1 Safety 
Testing for this project involved heat treatments and tensile testing, for which safety precautions 
were taken during each process. Additionally, general lab safety procedures were followed 
during the entire project. These safety procedures included wearing safety glasses, long pants, 
and closed toe shoes whenever in the lab, and wearing gloves and a face shield when performing 
heat treatments. Also, proper directions and SOPs were followed when using any equipment for 
this project. 
 
2.2 Nitinol Test Samples 
In order to investigate how cold work, final grind diameter, and heat treatment affect the 
mechanical properties (tensile strength and ductility) of Nitinol guide wires, groups of wires 
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were supplied by Abbott Vascular that represented each processing step. The first of these 
groups included as-received superelastic Nitinol wires having nominal original diameters .0135 
inches. The next sample groups included Nitinol wires that were swaged to either 11.2 or 17.0% 
reduction of area, with redundant cold work factors of 2 or 6 head revolutions. The last group of 
Nitinol wires were subjected to the previously mentioned cold work levels, followed by a 
grinding operation that brought the wires to their final diameter of either .0025 or .004 inches. 
Half of the samples in each of these final groups were subjected to a short, low temperature heat 
treatment. Tensile testing each of these groups of wires allowed for the changes in the stress-
strain curve and resulting tensile properties to be tracked from process to process. Figure 12 
summarizes the factors that were investigated for this project, along with the corresponding 














Final Grind Diameter 
(inches) 
 
Figure 12. Flow Chart showing each factor that was investigated for this project, with the corresponding levels 
    associated with each factor. 
Superelastic Nitinol 
(.0135" Diameter) 
11.2% R.A. 17.0% R.A. 
2 6 2 6 
.0025" .004" .0025" .004" .0025" .004" .0025" .004" 
Primary Cold Work 
(% Reduction of Area) 
Redundant Cold Work 
(# of Head Revolutions) 
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2.3 Heat Treatment 
The heat treatment for this experiment occurred at 375°C for 2 minutes. This temperature was 
chosen because it is most representative of the heat exposure that occurs during Abbott 
Vascular’s manufacturing process. The heat treatment time of 2 minutes, however, is slightly 
longer than Abbott Vascular’s exposure time of approximately 30 seconds to 1 minute. This is 
because a furnace was used to heat treat the Nitinol wires for this experiment, accompanied by 
the fact that wires were placed in stainless steel tubing to ensure that the wires remained straight 
following the heat treatment. Therefore, the heat treatment time of 2 minutes was chosen to 
guarantee that the wires reached 375°C for at least 30 seconds.  
 
2.4 Tensile Testing 
Mechanical testing of the Nitinol wires was done using a Mini 55 Instron tensile tester loaded 
with screw side action grips having a load capacity of 100 N (Figure 13). The wires that were in 
the as-received, superelastic condition, as well as those that were only subjected to the swaging 
operation, were tested using serrated grip faces in order to prevent the sample from slipping. All 
wires that were ground, however, were successfully tested using smooth grip faces lined with 
240 grit abrasive paper. The test parameters for each tensile test were set to a gage length of 25.4 
mm, a crosshead displacement rate of 4 mm/min, and the corresponding diameter for the sample 
being tested. An important note here is that the Nitinol wires that did not experience the grinding 
operation failed directly adjacent to either the top or bottom grip faces. Alternatively, failure was 
successfully induced within the gage length of most of the Nitinol wires that did undergo the 
grinding operation. 
 
To begin each tensile test, the proper wire diameter was first entered to ensure that the Bluehill 
software calculated the correct tensile properties (ultimate tensile strength, percent elongation). 
The load was then balanced and the extension was zeroed prior to loading the Nitinol wires into 
the screw side action grips. At this point, extra care was taken to ensure each sample was loaded 
as straight as possible so that the tensile tests would not be affected by improperly loaded 
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samples. In addition, because the screw side action grips required hand tightening, some trial and 
error was necessary to determine how much to tighten the grips for each group of samples tested. 
 
 
Figure 13. Test setup on Mini 55 Instron tensile tester for Nitinol wires. 
 
The raw data that was produced for each tensile test came in the form of load and extension. 
Each data set was analyzed in Excel and converted into stress and strain using the sample 
diameter and gage length, respectively. Further, it should be noted that because of the small 
dimensions of the samples being tested, an extensometer could not be used to measure strain. 
Therefore, strain was calculated using the original gage length and the crosshead displacement. 






The stress-strain curve corresponding to the superelastic Nitinol wires revealed values such as 
the plateau stress, ultimate tensile strength, and strain to failure prior to any type of processing 
(Figure 14). Analysis of the stress-strain curve showed that the plateau region, which 
corresponds to the reorientation of martensite, began at a stress of 520-560 MPa and a 
corresponding strain of around 2.5% elongation. This reorientation occurred up to around 11% 
strain, at which point the martensite phase began to elastically deform, resulting in a second 
elastic region prior to failure. It should be noted, however, that the plateau region exhibited by 
this set of data occurred up to a higher level of strain than is observed in the literature. The main 
hypothesis for this occurrence is that the Nitinol wires associated with the larger diameters (those 
that were not ground) may have experienced slipping within some portion of the grips during 
tensile testing. This would have resulted in an increase in the gage length during the test, which 
would have affected the strain calculations. Because this slippage was unknown during the time 
of testing, the original gage length of 25.4 mm was used to calculate strain, and the increase in 
gage length due to wire slippage was not accounted for. This would explain why the plateau 
region of the superelastic Nitinol wires appears to occur up to a higher level of strain than would 
normally be expected for superelastic Nitinol.  
 
The average values for the ultimate tensile strength and strain to failure of the superelastic 
Nitinol wires were found to be 1379 MPa and 20.7% elongation, respectively. This data set 
consisted of a total of 6 samples, the data for which can be found in Appendix A, which includes 




Figure 14. Strain-strain curves for as-received superelastic Nitinol wires. 
 
Once the Nitinol wires were swaged to 11.2% reduction of area with a redundant work factor of 
2 head revolutions, a decrease in ductility and tensile strength were exhibited (Figure 15). These 
Nitinol wires had an average tensile strength of 1297 MPa and a percent elongation of 16.0%. 
Additionally, this data set exhibited some scatter in the ductility. This was most likely caused by 
the fact that all of these samples fractured directly next to one of the grip faces. Further, these 
wires no longer exhibited a plateau region, as the martensite phase was stabilized during the 





Figure 15. Tensile test data for Nitinol wires that were swaged to 11.2% reduction of area with a redundant work 
    factor of 2 head revolutions.  
 
When these wires were subsequently ground to a final diameter of .0025 inches, the resulting 
tensile strength increased to an average value of 1484 MPa, while the ductility stayed roughly the 
same at 16.1% elongation (Figure 16). It should be noted that ground Nitinol wires experienced a 
slight restoration in the plateau region, most likely due to the structure consisting of some 
retained austenite. Further, the plateau region exhibited by this data set occurred at an increased 
stress level compared to the as-received, superelastic Nitinol wires. All of the data obtained for 




Figure 16. Tensile test data for Nitinol wires that were swaged to 11.2% reduction of area with a redundant work  
    factor of 2 head revolutions, and subsequently ground to a final diameter of .0025 inches.  
 
Subjecting these wires to a short, low-temperature heat treatment at 375°C for 2 minutes led to a 
slight increase in tensile strength to 1520 MPa, with a slight decrease in ductility to 15.3% 
elongation (Figure 17). The plateau region of these samples was fully restored following the heat 
treatment, however, this plateau now occurred at an average stress of 480-520 MPa, and over a 
shorter strain range compared to the as-received, superelastic Nitinol wires. This data set can also 





Figure 17. Tensile test data for Nitinol wires that were swaged to 11.2% reduction of area with a redundant work  
    factor of 2 head revolutions, ground to a final diameter of .0025 inches, and heat treated. 
 
When the redundant work factor was increased to 6 head revolutions (Figure 18), the Nitinol 
wires experienced a decrease in tensile strength with an increase in ductility compared to the as 
swaged samples associated with Figure 14. These wires had an average tensile strength of 1184 
MPa and an average ductility of 16.9% elongation. The stress-strain curves obtained for this data 
set exhibited a large amount of scatter much like the data of Figure 15. Again, the full data set 





Figure 18. Tensile test data for Nitinol wires that were swaged to 11.2% reduction of area with a redundant work 
    factor of 6 head revolutions. 
 
Grinding these wires to a final diameter of .0025 inches led to an increase in tensile strength to 
1545 MPa, and a decrease in ductility to 15.0% elongation (Figure 19). These samples also 
exhibited a slight restoration in the plateau region, most likely due to retained austenite present in 
the structure. The full data set for this group is located in Appendix A. 
 
 
Figure 19. Tensile test data for Nitinol wires that were swaged to 11.2% reduction of area with a redundant work 
    factor of 6 head revolutions, and subsequently ground to a final diameter of .0025 inches. 
 
 23 
Subjecting these Nitinol wires to 375°C for 2 minutes resulted in a decrease in ductility to 12.9% 
elongation, while there was no significant change in the ultimate tensile strength (Figure 20). 
Additionally, it should be noted that as the redundant work factor was increased to 6 head 
revolutions, the heat treated Nitinol wires no longer exhibited a full restoration of the 




Figure 20. Tensile test data of Nitinol wires that were swaged to 11.2% reduction of area with a redundant work 
    factor of 6 head revolutions, ground to a final diameter of .0025 inches, and heat treated. 
 
For the next set of Nitinol wires that were tested, the primary cold work was increased to 17.0% 
reduction of area, with a redundant work factor of 2 head revolutions (Figure 21). These samples 
exhibited an average tensile strength of 1439 MPa, and an average ductility of 17.5% elongation. 
This was the highest tensile strength and ductility of all the as swaged (no grinding, no heat 





Figure 21. Tensile test data for Nitinol wires that were swaged to 17.0% reduction of area with a redundant work 
    factor of 2 head revolutions. 
 
Grinding these Nitinol wires to a final diameter of .0025 inches resulted in significant changes in 
the tensile strength and ductility from the as swaged condition (Figure 22). The average tensile 
strength and ductility for this group of Nitinol wires were found to be 1755 MPa and 13.1% 
elongation, respectively. Additionally, the full data set for this group of samples is located in 
Appendix A.  
 
 
Figure 22. Tensile test data for Nitinol wires that were swaged to 17.0% reduction of area with a redundant work  
    factor of 2 head revolutions, and subsequently ground to a final diameter of .0025 inches. 
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Heat treating this group of Nitinol wires caused another decrease in ductility to 10.4% 
elongation. The resulting tensile strength exhibited an increase to a value of 1844 MPa (Figure 
23). Additionally, it is important to note that this data set only consisted of 2 samples due to 
these wires having a smaller swaged length than previous sample groups. For this reason, the 
data for several Nitinol wires in this group were disregarded, as there was most likely some 
superelastic Nitinol within the gage length during tensile testing, which affected the shape of the 
stress-strain curves and resulting properties of multiple samples. The data for the curves shown 
in Figure 23 are located in Appendix A. 
 
 
Figure 23. Tensile test data for Nitinol wires that were swaged to 17.0% reduction of area with a redundant work 
    factor of 2 head revolutions, ground to a final diameter of .0025 inches, and heat treated.  
 
Lastly, the redundant work factor was once again increased to 6 head revolutions. For the as 
swaged Nitinol wires that were not ground or heat treated, the average tensile strength was 1235 
MPa, with an average ductility of 15.7% elongation (Figure 24). Again, the full data set for this 




Figure 24. Tensile test data for Nitinol wires that were swaged to 17.0% reduction of area with a redundant work 
    factor of 6 head revolutions. 
 
When these Nitinol wires were ground to .0025 inches, the wires experienced a substantial 
increase in tensile strength along with a substantial decrease in ductility. These values came to 




Figure 25. Tensile test data for Nitinol wires that were swaged to 17.0% reduction of area with a redundant work 
    factor of 6 head revolutions, and subsequently ground to a final diameter of .0025 inches.  
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When these Nitinol wires were heat treated, a different trend was exhibited that was not seen for 
the previous heat treated sample groups. Rather than the heat treatment leading to a decrease in 
ductility, these Nitinol wires experienced an increase in ductility to 7.9% elongation. There was 
no significant change in the average tensile strength from the swaged and ground condition to the 
heat treated condition (Figure 26). Furthermore, this data set only consisted of 3 samples, which 
again was due to these Nitinol wires consisting of a smaller swaged length, resulting in some 
samples containing superelastic Nitinol within the gage length. This led to the same difficulties 
that were experienced with the heat treated Nitinol wires that were swaged to 17.0% reduction of 
area with a redundant work factor of 2 head revolutions, and final grind diameters of .0025 
inches. All of the data associated with this group of Nitinol wires is located in Appendix A. 
 
 
Figure 26. Tensile test data for Nitinol wires that were swaged to 17.0% reduction of area with a redundant work 
    factor of 6 head revolutions, ground to a final diameter of .0025 inches, and heat treated. 
 
Although the data that has been discussed up until this point has only included the stress-strain 
curves for the Nitinol wires ground to a final diameter of .0025 inches, data was also obtained for 
a final grind diameter of .004 inches. At this point it should be noted that the sample groups 
ground to a final diameter of .004 inches exhibited the same trends as those seen in the previous 
curves for the .0025 inch final grind diameter wires. The stress-strain curves corresponding to a 
final grind diameter of .004 inches along with the resulting tensile properties can be found in 
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Appendices B and A, respectively. Furthermore, the average values for tensile strength and 
ductility for all of the data sets are shown in Table I.  
 





Through analysis of the stress-strain curves that were obtained for this project, it becomes 
apparent that each of the processing conditions investigated has an effect on the tensile properties 
of the superelastic Nitinol wires. The most apparent observation is the lack of a plateau region in 
the curves of the as-swaged wires (not ground, not heat treated), which means that the Nitinol 
wires were in fact martensite stabilized after the swaging process for each level of cold work 
(Figures 15, 18, 21, and 24). Furthermore, the grinding process as well as the heat treatment for 
each set of conditions resulted in some change in the stress-strain curve and resulting tensile 
properties (Figures 16, 17, 19, 20, 22, 23, 25, and 26). 
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Beginning with the lowest level of cold work (11.2% reduction of area with 2 head revolutions), 
the wires that were only swaged and ground exhibited a slight plateau region with the onset 
occurring around 800 MPa (Figure 27, top). With such low levels of primary cold work, coupled 
with the a low redundant work factor, it may be that these wires were not hardened through to 
the center to a significant degree, resulting in some retained austenite remaining in the structure 
after swaging. This would explain the appearance of a slight plateau in the curves of the swaged 
and ground Nitinol wires. Furthermore, these wires experienced a full restoration in the plateau 
region following the heat treatment. Again, this is due to the low levels of cold work, which did 
not strain harden the core material enough to produce a Nitinol wire that still has some 
shapeability after exposure to heat.  
 
When the redundant work factor was increased to 6 head revolutions, the onset of the plateau for 
the swaged and ground wires increased to an average stress of 920 MPa (Figure 27, bottom). 
This is a direct result of the increase in redundant work, resulting in the increased strain 
hardening of the core material. This is verified by the fact that the heat treated Nitinol wires for 
this processing condition did not lead to a full restoration of the plateau region. Additionally, 
because the plateau region was not fully restored for this sample group, these Nitinol wires are 
likely still shapeable after the heat treatment. It should also be noted that the higher redundant 
work factor exhibited a greater decrease in ductility after the heat treatment, due to the higher 





Figure 27. Tensile test data serving as a comparison between the as swaged wires, the swaged and ground 
    wires, and the swaged, ground and heat treated wires. This tensile data represents the 11.2% reduction of  
    area with 2 head revolutions (top), and the 11.2% reduction of area with 6 head revolutions (bottom). 
    Both of these curves represent data for the .0025 inch grind diameter. 
 
The grinding operation for the cold work level of 17.0% reduction of area with a redundant work 
factor of 2 head revolutions resulted in a significant increase in tensile strength and decrease in 
ductility. Additionally, the curves for this data set also experienced a plateau region, however, it 
occurred at a much higher stress level of approximately 1500 MPa, with no second elastic region 
prior to failure compared to the lower cold work levels (Figure 28, top). This is most likely due 
to the increase in dislocation density associated with higher levels of cold work. This increase in 
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dislocation density can also explain the significant drop in ductility for these Nitinol wires 
following the heat treatment.  
 
Moving to the highest level of cold work investigated for this project (17% reduction of area 
with 6 head revolutions), this group of Nitinol wires experienced the greatest increase in tensile 
strength and decrease in ductility after the grinding operation (Figure 28, bottom). This is direct 
evidence of the cold work gradient that is introduced into the wires as a result of the swaging 
process. As previously stated, redundant work is a phenomenon that produces a core material 
strain hardened in excess of the amount expected from the nominal reduction of area. Therefore, 
the grinding process produces a wire that is composed almost entirely of this core material 
having maximum hardness and strength. This cold work gradient can be seen for each processing 
condition, however, the higher level of primary cold work coupled with a high redundant work 
factor is the reason why the cold work gradient is so pronounced in the bottom curves of Figure 
28. This set of data also experienced a different trend than the previous curves in that there was 
an increase in ductility after the heat treatment. This occurrence was unexpected, and further 









Figure 28. Tensile test data serving as a comparison between the as swaged wires, the swaged and ground 
    wires, and the swaged, ground and heat treated wires. This tensile data represents the 17.0% reduction of  
    area with 2 head revolutions (top), and the 17.0% reduction of area with 6 head revolutions (bottom). 
    Both of these curves represent data for the .0025 inch grind diameter. 
 
At this point, it should be noted that the modulus of elasticity associated with each set of swaged 
Nitinol wires (not ground, not heat treated) is much lower than the Nitinol wires that were 
ground. As previously mentioned for the superelastic Nitinol data, this is most likely a result of 
some slippage occurring within the grips during tensile testing, which would have caused an in 
increase in the gage length. As this increase in gage length was not accounted for during the time 
of testing, using the original gage length for strain calculations would explain why the swaged 
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only Nitinol wires (not ground, not heat treated) exhibited a much lower modulus of elasticity 
than the ground Nitinol wires. 
 
When the grind diameter was increased to .004 inches, the stress-strain curves for each 
processing condition exhibited the same trends as the .0025 inch grind diameter. The most 
important change to take note of between the two grind diameters, is that the increase in grind 
diameter resulted in an increase in ductility for each processing condition.  
 
In addition to performing graphical analysis for this project, statistical analysis was also 
performed using a three-way analysis of variance (ANOVA) test along with a Tukey pairwise 
comparison to determine if the difference in any means were statistically significant. Because 
this project focused on the changes in ductility from process to process, the ANOVA was 
performed only for ductility. The ANOVA found the mean responses for each level of cold work 
as well as each grind diameter to be significantly different. The mean responses for both levels of 
heat treatment (heat treated, not heat treated), however, were found to not be statistically 
significant. The interaction between each factor was then determined, which revealed that the 
interaction between cold work and grind diameter was the only interaction that was statistically 
significant. Lastly, a Tukey pairwise comparison was performed in order to determine which 
means were significantly different amongst the levels of each factor (Table II, III, and IV). 
Tables II, III and IV show the comparison of ductility for each factor that was tested, which 
reveals the levels of each factor that have significantly different mean values. Groups that do not 
share a letter are significantly different. 
 




Table III – Tukey Pairwise Comparison of Ductility for Varying Grind Diameter 
 
 





1. Nitinol wires swaged to 11.2% reduction of area showed slight restoration of the plateau 
region after the grinding operation, and the superelastic plateau region was fully restored after 
the heat treatment. 
2. The cold work gradient within the Nitinol wires became more visible in the stress-strain 
curves as the primary cold work levels and the redundant cold work levels were increased. 
3. Each set of processing conditions experienced a decrease in ductility following the heat 
treatment, with the exception of the highest level of cold work (17% reduction of area with 6 
head revolutions). 
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8. Appendix B 
Stress-Strain Curves 
 




































































































Average UTS: 1989 MPa, Average Ductility:10.7% Elongation 
